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ABSTRACT Glutamate dehydrogenase (GDH) is ubiqui-
tous to all organisms, yet its role in higher plants remains
enigmatic. To better understand the role of GDH in plant
nitrogen metabolism, we have characterized an Arabidopsis
mutant (gdhl-1) defective in one of two GDH gene products
and have studied GDHI gene expression. GDHI mRNA accu-
mulates to highest levels in dark-adapted or sucrose-starved
plants, and light or sucrose treatment each repress GDHI
mRNA accumulation. These results suggest that the GDHI
gene product functions in the direction of glutamate catabo-
lism under carbon-limiting conditions. Low levels of GDHI
mRNA present in leaves of light-grown plants can be induced
by exogenously supplied ammonia. Under such conditions of
carbon and ammonia excess, GDH1 may function in the
direction of glutamate biosynthesis. The Arabidopsis gdh-
deficient mutant allele gdhl-l cosegregates with the GDHI
gene and behaves as a recessive mutation. The gdhl-l mutant
displays a conditional phenotype in that seedling growth is
specifically retarded on media containing exogenously sup-
plied inorganic nitrogen. These results suggest that GDH1
plays a nonredundant role in ammonia assimilation under
conditions of inorganic nitrogen excess. This notion is further
supported by the fact that the levels of mRNA for GDH1 and
chloroplastic glutamine synthetase (GS2) are reciprocally
regulated by light.

Glutamate dehydrogenase (GDH; EC 1.4.1.2) serves as a link
between carbon and nitrogen metabolism, as it is capable of
assimilating ammonia into glutamate or deaminating gluta-
mate into 2-oxoglutarate and ammonia. The relative impor-
tance of GDH versus nitrogen assimilatory enzymes such as
glutamine synthetase (GS) has been deduced in microorgan-
isms using mutants defective in either enzyme (1, 2). In plants,
the importance of GDH in nitrogen assimilation has been
under question since the discovery of the GS/GOGAT [glu-
tamate synthase (glutamate 2-oxoglutarate aminotransferase)]
cycle (3). Current opinion is divided as to whether GDH plays (i)
a role in ammonia assimilation, particularly under high ammonia
concentrations; (ii) a role in glutamate catabolism; or (iii) a
redundant and dispensable role in nitrogen assimilation (4-7).
The proposed roles for GDH in plants have been based

largely on in vitro studies that have uncovered two types of
GDH enzymes, an NADPH-requiring GDH enzyme that is
localized to chloroplasts and an NADH-requiring GDH found
in the mitochondria (6, 8). The GDH enzymes from a variety
of higher plants exhibit high Km values for ammonia (> 1 mM),
which argues against a major role ofGDH in primary nitrogen
assimilation in vivo (9). Because high levels of photorespiratory
ammonia are released in mitochondria, it has been proposed
that mitochondrial NADH-GDH plays a major role in reas-

similating photorespiratory ammonia (6). However, several
pieces of data argue against this proposed role. Inhibitors of
GS, such as phosphinothricin, specifically kill plants grown
under photorespiratory growth conditions (4, 10, 11). Second,
the characterization of photorespiratory mutants has sup-
ported a major role for GS/GOGAT in this process. Plant
mutants deficient in chloroplast GS2 or ferredoxin-dependent
GOGAT are chlorotic when grown under photorespiratory
conditions (in air), yet they display a normal phenotype when
grown under conditions that suppress photorespiration (high
CO2) (12-15). Together these data suggest that GDH plays a
minor role, if any, in the reassimilation of photorespiratory
ammonia. An alternate role has been proposed in which GDH
functions in ammonia detoxification, because its activity is
increased in plants exposed to high levels of ammonia (16).
Finally, a catabolic function for GDH has been proposed to be
important for remobilization of ammonia from glutamate
during germination, senescence, and seed set (6, 7).

Despite decades of biochemical studies on plant GDH, the
in vivo role of this enzyme in plant nitrogen metabolism
remains equivocal. Because the mechanisms controlling the
intra- and intercellular transport of inorganic nitrogen and
organic nitrogen are presently unknown, the in vivo function of
GDH can best be judged by characterizing the phenotype of
plant mutants defective in GDH. A plant mutant deficient in
GDH has been previously isolated from maize (17, 18).
However, this maize GDH-deficient mutant cannot be used to
assess the in vivo role ofGDH in photorespiration, because C4
plants display low or negligible photorespiratory rates. Here,
we report the characterization of a plant GDH gene, analyze
its regulation by light and/or metabolites, and characterize an
Arabidopsis mutant (gdhl-l) deficient in one of two GDH gene
products. This molecular-genetic dissection in Arabidopsis
indicates that GDH plays a nonredundant role in plant nitro-
gen metabolism in a C3 plant.

MATERIALS AND METHODS
Plant Lines and Growth Conditions. The Columbia ecotype

of Arabidopsis was used in all experiments, unless otherwise
noted. The Landsberg ecotype was used to determine a
restriction fragment length polymorphism for GDH1. Recom-
binant inbred lines were obtained from the Ohio State Uni-
versity,Arabidopsis Stock Center (19). Plants were grown at 45
mE-m-2sec-1 (E = einstein, 1 mol of photons) on a 16-h
light/8-h dark cycle unless otherwise indicated. "Light-grown"
and "dark-adapted" plants were grown initially under the
normal day/night light regime and were subsequently trans-
ferred to continuous light or dark, respectively, for 48 h before

Abbreviations: GDH, glutamate dehydrogenase; GS, glutamine syn-
thetase; GOGAT, glutamate synthase (glutamate 2-oxoglutarate ami-
notransferase); MS, Murashige and Skoog.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank data base (accession no. U53527).
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harvest forRNA isolation. For RNA isolation, plants were grown
on Murashige and Skoog (MS) salts (GIBCO/BRL, catalog no.
11117) under "semihydroponic" conditions, unless otherwise
noted. For semihydroponics, seeds were sown on nylon nets
(Tetko, Elmsford, NY, catalog no. 3-250/50) suspended on
MS media containing 3% sucrose and 0.4% agar and grown for
16-18 days. Thereafter, the nylon net was lifted, and the plants
were transferred to fresh MS medium containing the indicated
supplementations. Ethyl methanesulfonate- and methylnitro-
sourea-mutagenized Arabidopsis seeds (Columbia ecotype)
were obtained from R. Last (Cornell University). For mutant
screening, M2 mutagenized seeds were plated on MS media
supplemented with 0.05% aspartate. The ammonia-free, ni-
trate-containing MS medium (Sigma, catalog no. M2909; used
in Fig. 5) and the ammonia-free/nitrate-free MS media (Sigma
catalog no. M0529; used in Fig. 7) were supplemented with the
appropriate MS salts and vitamins, unless otherwise noted.
RNA and DNA Manipulations. RNA extraction (20), DNA

extraction (21), and Northern and Southern blot analyses (22)
were performed as described. The 16S ribosomal RNA cDNA
probe (rRNA, provided by B. Scheres, University of Utrecht,
Utrecht, the Netherlands), a PCR-generated a-tubulin exon 4
probe, spanning nucleotides 1209-1596 (a gift from C. Silflow,
University of Minnesota), and a full-length cDNA for the
chloroplastic form of GS2 (GLN2; ref. 23) were labeled by the
random primed method. Probe labeling, prehybridization,
hybridization, and detection were as indicated in the Genius
System User's Guide for Membrane Hybridization (Boehringer
Mannheim). The membranes were washed at either low strin-
gency (lx SSC, 65°C) or high stringency (O. lx SSC, 65°C).
Blots were exposed to x-ray film, and the signals were quan-
tified using the National Institutes of Health IMAGE version
1.41 software and normalized to the internal control gene.

Characterization of GDH1 cDNA. The deduced Arabidopsis
GDH1 protein in Fig. 1 was obtained from the complete se-
quence analysis of a cDNA identifled in an expressed sequence
tag (EST) library fromArabidopsis (EST clone 134D5T7) (24).
The GDHI gene-specific probe was a 360-nt, single-stranded,
digoxigenin-labeled DNA probe spanning amino acids 42-150
of the GDH protein (Fig. 1, underlined residues), generated by
PCR (25).
Mapping the gdhl-l Mutation and the GDHI Gene. PCR

and simple sequence length polymorphism markers for map-
ping the gdhl-l mutation were as described (26). The GDHI
gene was mapped using recombinant inbred lines (19). A
restriction fragment length polymorphism (27) for GDHI was
identified between Columbia and Landsberg using the endo-
nuclease HhaI. HhaI digests of DNA from 25 different re-
combinant inbred lines were used to define the parental GDHI
gene (19). The segregation data were analyzed, and the GDHI
gene was then mapped relative to 462 markers by C. Lister
(John Innes Centre, Norwich, U.K.).

Native Gel GDH Assay. Leaves from 21-day-old Arabidopsis
plants were ground in 20 ,ul of extraction buffer (28) and
electrophoresed through a discontinuous gel system under
nondenaturing conditions as described (29). GDH activity
staining was performed using nitroblue tetrazolium, as de-
scribed (30). Total protein was determined by the method of
Bradford (31).

RESULTS
Deduced Primary Sequence of the Arabidopsis GDH1 Pro-

tein and Conserved Features. The deducedArabidopsis GDH1
protein shown in Fig. 1 shares a high overall identity with the
GDH proteins of archaeobacteria (41%; ref. 32), humans (31%;
ref. 33), yeast (27%; ref. 34), Chlorella (27%; ref. 35), and
Escherichia coli (27%; ref. 36). Comparative analysis reveals
that the encoded Arabidopsis GDH1 protein contains the
hallmark residues conserved amongst all GDH proteins (Fig.

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H.salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H.salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. cerevisiae

A. thaliana
H. salinarium
Human
C. sorokiniana
E. coli
S. c erevisiae

PRVRSVLIKA PVKVQSTQRE- T KKEEEEVE- EEE
-HHAM SKSDSTHDE- S --GDEAAD-- STE

MYRYLGEALL LSRAGPAAL- G SASADSAALL G64ARGQPAAA
CRPPSSPSLS WPPGLRSPAL PRAVACARGR SAKRDVAAKR LRSRSPRMDA

--- -- MQ

AMNPRI NFKL------ ---------- ------AARL LG-----LD-
PES S Q TLY-- AASY LD- -ID-
PQP RHYSEAVADR EDDPNFFKM------- VEGF FDRGASIVE-
TITGDFTALQK AVKQMATKAG TEGLVHGIKSN PELRQLLTEI FMKDPEQQEF
T---YS - LESFLNHV QKRDPNQTEF

MSEP EF----QQAY

SKLEK-&I-P --- ------- FREEIKVE C LEQ
QNIVE YP ---------- ---------- ---KKVHEVT I EI EFDc41_
DKLVEI L TR ES---EEQKR IRVRGILRII KPCNHVLSLS FRP W
MQAVREVAVS LQPVFEKRPE L--LPIFKQI VEPERVITFR VSWL A L
AQAVREVMTT LWPFLEQNPK YRQMSLLERL VEPERVIQFR VVIVE QI
EEVVSSLEDS --TLFEQHPE Y--RKVLPIV SVPERIIQFR VTHIENKGEQ

ASF D alE IIPPEEiv-fl iAii
EVFI C R;DSQ _ .KG T

RY5Pr .-vt t

QVNRG SSAI GG P LS IHE FEQI ESLTTLPM
QHR SSAI GG HP VS ILK 3FEQT ALTTLPM
EVAQG NSAK KGG HP S ILK PFEQI SLTGLDM

G GCD RKLSI R P KI --HDL HT APD
PGA UAVH |PELSP R ES --RDV*NQ APD
G IN YTD K EL AKKGF G AP

SDFD PKGKSD RFCQSFMTEL --QRHISYVQ DSGVG
3DFD PKGKSE RFCQALMTEL --YRHLGADT DIGVG

5 CVD LKGRS R RICYAFMREL --SRHIGQDT DIGVG

PO ;FLR KFE Y-- - S;A : IDL ;LG FG
P ME _-- -SPATGK PVDG PR Gp
ER ST DI ISCG RS r HG
AREIGYLFGQ YKRITKNY-- --TGV34SG4 QE4SG EI? c GAVLF
GREVGFMAGH MKKLSNNT-- --ACVF G43LSPI3GELI EPmGLVYF
GREIGYLFGA YRSYKNSW-- --EG LNGLIP GLLYY

TKALLNEHG- lKII SGQRFV WAAKL ISEFKEI1N
TQLVCEYYD- QPL DETTVA 331G NAAP.L LDK3 TI
IENFINEASY MSILGMTPGF GDKTFV 3h41HSMRY LHRFP3KCDrI
VENVL- KDKGESL KGKRCLVA 244QYCAEL LLE476 IVLS
TEAML-- KRHGMGF EGHRVSV S15 4QYAIEK AMEF3kRVIT
TQAMID- YATNGKESF EGKRVTI YAALK VIEIJTVVS

VSD'T'SIJG4 PALL KH------T KEHRGVKGF- -DGADPID--
ISDV43%6YEK IASVP SH-------D EEPEAVTTY- --ADTVIS--
VGESt3,IWN G'KELE DF-------K LQHGSILGF- --PKAKPY--
LSDS31VYE P1$FTREQLQ AVQDSKK--K NNSARISEYK --SDTAVYVG
ASDSS3PVVD E4FTKEKLA RLIEIKA--S RD-GRVADYA --KEFGLVYL
LSDSKJIIL E TSEQVA VISSAKVNFK SLEQIVNEYS TFSENKVQYI

---PNS]IUE GGVINR4 ES }--KFI p
---NEEIIIL L L GNVITK40AE AiS --DLV V S
---EGS3 1JEA S EKQLTK8P RVX--KII A P
DRRKPWELDC G AF CAT QNEIDEHfl LLIKHGCQYV 3P PSITN
EGQQPWSL-- P AT QNELDVDAP QLIANGVKAV PTTI
AGARPWTHVQ Al AT QNEVSGEE8J ALVAQGVKFI A STP

r EILSKKG VVIL - -- Y GVrSYFE VQNIQGFMWE
IASILADRD VAVSI--- LAPP4 GVTVSYFEW|LQDSINRRAWS
EApKIFLERN IMVI------ YI GVTVSYFEW4 LKNLNHVSYG
ErHKYNKA- GI IYqP KAMM SGV TQNRMSLNWdIT
ErELFQQA- GV LFA KAW MGVSL; PQNAARLGWK
ErAVFETAR STATGPSEAV qYGPKAAEGPVI ILP AQNSQRITWT

EEK -
LER-
RLTFKYERDS NYHLLMSVQE SLERKFGKHG GTIPIVPTAE FQDRISGASE
REE --

AEK -------
SER--- -- - -- --- -- -- - -- - -- -- -- - -- --- -- -- - -- - -- -- -- ---

---- 7;D TERSFKDL KEMCKTHSCD LRMGAFTLGV NRVAQATILR
---toDE AEAAWmRAV KDEYENRDVT W%RDAAYIVAL SRIAEAHOEAR
KDI iSC Y14RSARQI MRTAMSKYNLG LDLRTAAYVN AIEKVFKVYN
----lDKLE RKI(DIYDSA MGPSREYNVD LAAGANIAGF TKVADAVKAQ
---- MARLH HIMD1HHAC VEHGGEGEQT NYVQGANIAG FVKVADAIGA
----IQELK R3ffNCFNEC IDYAKKYTKD GKVLPSLVKG ANIASFIK'JS

_-_ __. GA
_- AM.GL P
--Ei u3nFT
_-_ kV
_ _ _ _ _eC3,I
DAMFN CDVF

32
23
40
50
3

54
45
82

100
24
10

81
72

129
148
74
56

131
122
179
198
124
106

179
170
229
246
172
154

225
217
279
292
218
200

267
259
329
334
260
245

306
297
367
380
305
295

350
341
411
430
353
345

391
382
452
471
394
395

394
38'
502
474
397
39E

44C
431
551
52C
443
444

444
435
558
523
447
454

FIG. 1. Deduced protein sequence of Arabidopsis GDH1 and
comparison with GDH sequences from other organisms. The deduced
Arabidopsis GDH1 protein sequence was aligned to other knownGDH
proteins. Conserved amino acids are boxed. The asterisks denote
residues conserved among all previously described GDH enzymes.
Diamonds indicate residues involved in putative glutamate-binding
site. Dots indicate residues involved in the formation of the putative
NADH-binding site. Dashed lines represent sequence gaps that were
created to allow the best alignment possible. Underlined residues
denote the region encompassing the GDHI probe used in Northern
and Southern analyses.
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1, asterisks; ref. 37) including a putative glutamate-binding site
(Fig. 1, diamonds) and a consensus sequence (GXGXXG) that
forms a putative NADH-binding site (Fig. 1, dots; ref. 37). The
translation product ofArabidopsis GDH1 cDNA contains at its
amino terminus features characteristic of mitochondrial tar-
geting sequences as determined by the PSORT program (38). The
first in-frame methionine is located at residue 34. As there is an
open reading frame 5' to this ATG, these additional sequences
may also be part of a mitochondrial targeting sequence.
Arabidopsis Contains at Least Two Genes for GDH. GDH

sequences in Arabidopsis genomic DNA were identified by
Southern blot analysis (Fig. 2). At low stringency, the GDH1
cDNA probe detects at least two distinct genomic DNA
fragments in each restriction digest (Fig. 2A). At high strin-
gency, the GDHJ probe detects a single DNA fragment in each
lane (Fig. 2B). These results suggest the existence of at least
two GDH genes in Arabidopsis, GDH1 and GDH2.
GDHI Gene Regulation by Light. Northern analysis was

used to detect steady-state levels of GDHI mRNA using the
GDH1 probe at high stringency. The accumulation of GDH1
mRNA was analyzed in various organs of mature Arabidopsis
plants. In light-grown plants, GDH1 mRNA accumulates to
higher levels in leaves and flowers, compared with roots (Fig.
3A, lanes 2-4). Levels of GDH1 mRNA present in leaves are
induced in dark-adapted plants (Fig. 3A, lane 1). By contrast,
levels of chloroplastic GS2 (GLN2) mRNA are reduced by
dark adaptation (Fig. 3A, lane 1 compared with lane 2).
Furthermore, when dark-adapted plants are re-exposed to light
for increasing time intervals, a progressive repression of GDH1
mRNA accumulation occurs (Fig. 3B). Conversely, GS2 mRNA
accumulation was induced by the same light treatment (Fig. 3B).
The reciprocal light regulation of mRNA levels for GDH1 and
chloroplastic GS2 (GLN2) suggest that the encoded enzymes play
distinct roles in plant nitrogen metabolism. Whether the other
isoforms of these enzymes such as cytosolic GS1 or GDH2 play
distinct or overlapping roles with chloroplastic GS2 and GDH1
remains to be determined.
The effects of light on GDHI mRNA accumulation in plants

grown under a normal day/night cycle were also investigated
(Fig. 3C). Low levels of GDH1 mRNA accumulate at the end
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FIG. 2. Genomic Southern blot analysis of fragments encoding
GDH in Arabidopsis. Genomic DNA of Arabidopsis thaliana was
digested with the indicated restriction enzymes and analyzed by
Southern blot. After hybridization the membranes were washed either
at low stringency (1x SSC, 65°C, A) or at high stringency (0.1 x SSC,
65°C, B). Lanes 1 and 2 show the restriction fragment length poly-
morphism produced after HhaI restriction digestion of genomic DNA
from Landsberg (L) and Columbia ecotypes. The enzymes used in the
Southern analysis do not contain an internal recognition site in the
GDHI cDNA. The positions of the size marker bands are indicated on
the left.
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FIG. 3. Light inhibits accumulation of GDHI mRNA. (A) A.
thaliana plants were grown in Vermiculite in a normal day/night cycle
until bolting (6 weeks). Plants were then either transferred to contin-
uous dark for 48 h (lane 1, leaves) or to continuous light for 48 h (lanes
2-4, leaves, roots, and flowers, respectively). (B) A. thaliana plants
were grown semihydroponically in MS media supplemented with 3%
sucrose for 16 days on a 16-h light/8-h dark cycle and then transferred
to dark for 48 h (dark, lane 1). Thereafter, the plants were transferred
to continuous light and samples were collected at 2, 4, 8, and 16 h (lanes
2-5). (C) A. thaliana plants were grown in soil for 4 weeks on a 16-h
light/8-h dark cycle. Samples were collected every 2 h starting at the
end of the light period (16 h light) (lane 1), throughout the dark period
(lanes 2-5), and into the following light cycle (2 h light) (lane 6).

of the light period (Fig. 3C, lane 1). GDH1 mRNA is induced
3-fold by 2 h of darkness, and remains elevated throughout the
entire 8-h dark period (Fig. 3C, lanes 2-5). When plants are
re-exposed to light for 2 h, GDH1 mRNA returns to its initial
low levels (compare lanes 1 and 6). a-Tubulin gene expression
is not affected by the light/dark treatments. Thus, GDH1
mRNA induction occurs during the dark phase of a normal
day/night cycle and is repressed during the light cycle.
GDHI Gene Regulation by Carbon Metabolites. The induc-

tion of GDHI mRNA by dark treatment can be a direct
negative effect of light and/or an indirect "stress" effect
caused by the depletion of carbon skeletons in dark-adapted
plants (28). Light has been shown to exert direct effects on the
expression of genes such as nitrate reductase or GS2 in several
species (23, 39). Light can also exert indirect effects on these
genes by modulating levels of carbon metabolites. Sucrose
supplementation has been shown to induce the expression of
genes for nitrate reductase and GS2 independent of light (40,
41). Previous biochemical studies have indicated reciprocal
control of GS and GDH activities by light or sucrose (28, 42).
In maize, it was shown that GDH activity, which is high in
dark-stressed plants, is repressed when leaf discs are treated
with sucrose (43). We tested whether the high levels of GDH1
mRNA induced by dark treatment in Arabidopsis could be
repressed by sucrose (Fig. 4). The high levels of GDHJ mRNA
in plants dark-adapted for 48 h (Fig. 4, lane 1) are repressed
by 3% sucrose (Fig. 4, lane 2). Conversely, chloroplastic GS2
(GLN2) mRNA accumulation is increased by sucrose supple-
mentation (Fig. 4, lane 2). Repression of GDH1 mRNA
accumulation is not observed when a nonmetabolizable sugar
(mannitol) is added to the medium (Fig. 4, lane 3). Thus, when
carbon metabolites are high (e.g., in light-grown plants or in
plants grown in the presence of 3% sucrose), GDHJ mRNA
levels are low. Conversely, in carbon-starved plants-(e.g.,
dark-adapted plants or plants grown on media with no exog-
enously supplied sucrose), GDH1 mRNA levels are induced.
These results suggest that metabolic regulation of GDH1
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FIG. 4. Levels of carbon metabolites affect accumulation of GDHI
mRNA. A. thaliana plants were grown semihydroponically in MS
media (20 mM ammonia, 40 mM nitrate) supplemented with 3%
sucrose for 16 days on a 16-h light/8-h dark cycle and then transferred
to MS media containing no sucrose and incubated in the dark for 3
days. Thereafter, the plants were transferred to MS media either with
no carbon source supplementation (lane 1), with 3% sucrose (lane 2),
or with 3% mannitol (lane 3) and incubated in the dark for an
additional 3 days.

expression may at least partially account for the induction
observed by dark treatment.

Induction of GDHI mRNA by Exogenous Ammonia. Previ-
ous biochemical data demonstrated that GDH enzyme activity
inArabidopsis can be induced if plants are transferred to media
containing 15 mM ammonia (28). This finding suggested a
possible role for GDH in the assimilatory direction under
conditions of ammonia excess. We assayed GDH1 mRNA
levels in plants grown on ammonia-free, nitrate-containing MS
media supplemented with three different concentrations of
ammonia (Fig. 5). In plants grown in a normal day/night cycle,
levels of GDH1 mRNA present in ammonia-free media (Fig.
5, lane 1) are induced 2- to 2.5-fold if the medium is supple-
mented with 20 or 40 mM ammonia, respectively (Fig. 5, lanes
2 and 3). In dark-adapted plants, the already high levels of
GDHI mRNA cannot be further increased by ammonia sup-
plementation (Fig. 5, lanes 4-6). In contrast, mRNA for
chloroplastic GS2 (GLN2), which accumulates preferentially
in light-grown plants, is unaffected by ammonia supplemen-
tation in either growth condition (Fig. 5).

Isolation and Genetic Characterization of gdhl-1, an Ara-
bidopsis GDH-Deficient Mutant. Arabidopsis GDH has been
previously shown to be a hexameric enzyme composed of two
types of subunits (28, 29). Based on the genetic control of
GDH isoenzyme variants, it was proposed that GDH is
encoded by two genes in Arabidopsis (28, 29). Those conclu-
sions, based on GDH isoenzyme studies, agree with our
Southern blot (Fig. 2). To assess the relative in vivo functions
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of the GDHI and GDH2 genes, we searched for Arabidopsis
mutants deficient in either the GDH1 or GDH2 holoenzymes.
Crude leaf protein extracts of ethyl methanesulfonate- and
methylnitrosourea-mutagenized M2 seedlings were assayed for
GDH activity after nondenaturing gel electrophoresis. Leaf
extracts of wild-type Arabidopsis contain seven GDH hexam-
eric isoenzymes that are presumed to be the products of two
GDH genes (Fig. 6, lanes 1 and 5).

In a screen of 8000 M2 seedlings, we identified a single
Arabidopsis mutant (gdhl-l) missing the GDH1 holoenzyme and
the GDH1/GDH2 heterohexameric enzymes. The gdhl-l mu-
tant possesses only the GDH2 homohexamer. When the gdhl-l
mutant was allowed to self-pollinate, all M3 progeny contained
only the single GDH2 isoenzyme (Fig. 6, lanes 2-4), indicating
that the original gdhl-l mutant was homozygous. All the F1
progeny from a cross between thegdhl-1 mutant and its wild-type
parent contain the seven GDH isoenzymes of wild type, indicat-
ing that gdhl-l mutation is recessive (data not shown).
The gdhl-1 Mutation Is Linked to the GDHI Structural

Gene. Two types of genetic analysis were performed to deter-
mine whether the gdhl -1 mutant is linked to the cloned GDHJ
gene. Homozygous mutants for the gdhl-l allele were identi-
fied in the F2 progeny of a cross between the gdhl-l mutant
(Columbia) and wild type (Landsberg) using the GDH isoen-
zyme gel assay. All mutant F2 individuals (24 total) carried the
GDH1 gene of the mutant Columbia parent (data not shown).
We further demonstrated that the gdhl-l mutation and the
GDH1 gene map to the same location on Arabidopsis chro-
mosome 5. The gdhl-l mutation is located on chromosome 5,
closely linked to the simple sequence length polymorphism
marker ngalO6 (33.7 centimorgans) (3 recombination events in 24
individuals) (26). Separately, using the recombinant inbred lines
(19), the GDH1 gene was mapped to chromosome 5 at position
33.7 centimorgans, in the same vicinity of the gdhl-l mutation.

Phenotypic Characterization of the gdhl-l Mutation. Gene
expression data revealed that GDH1 mRNA levels increase
in response to exogenously supplied inorganic nitrogen (Fig.
5) suggesting that the GDH1 gene product plays a role in
ammonia assimilation under conditions of inorganic nitro-
gen excess. To test whether GDH1 actually plays such a role
in vivo, we examined whether the gdhl-l mutant was spe-
cifically impaired in growth when grown on increasing
concentrations of inorganic nitrogen. M3 seeds of the gdhl -1
mutant and an isogenic wild-type Arabidopsis line (Colum-
bia) were sown side-by-side on agar plates oriented vertically
so that root length could be used as a measure of seedling
growth rate (Fig. 7). Plants were grown in a normal day/
night cycle on ammonia-free/nitrate-free MS media supple-
mented with different concentrations of ammonia/nitrate
with 3% sucrose and vitamins (Fig. 7 A-C) or without
supplementation of vitamins (Fig. 7D). There is no differ-
ence in growth between gdhl -1 and wild type when plants are

wt gdhl-1 (M3) wt

GLN2

4040 40 dlw 00rRNA
1 2 3 4 5 6

FIG. 5. GDHI mRNA accumulation is affected by exogenous
ammonia. A. thaliana plants were grown for 16 days in MS media (20
mM ammonia, 40 mM nitrate) supplemented with 3% sucrose on a
16-h light/8-h dark cycle. Thereafter plants were transferred to MS
media with no ammonia and incubated in either continuous light
(light; lanes 1-3) or continuous dark (dark; lanes 4-6) for an additional
3 days. The plants were then transferred to ammonia-free MS media
supplemented with 3% sucrose containing 19 mM nitrate in the
presence of either 0 mM ammonia (lanes 1 and 4), 20 mM ammonia
(lanes 2 and 5), or 40 mM ammonia (lanes 3 and 6) and left in
continuous light (lanes 1-3) or continuous dark (lanes 4-6) for an
additional 3 days.

i ,.O .ft *o

GDH1

GDH1/GDH2

GDH2

1 2 3 4 5

FIG. 6. GDH activity in wild-type Arabidopsis and gdhl-l mutant.
Crude leaf protein extracts were made from rosette leaves of 21-day-
old Arabidopsis plants, separated by electrophoresis on a nondenatur-
ing polyacrylamide gel, and stained for GDH activity. Lanes 1 and 5,
extract of wild-type Arabidopsis (Columbia). The seven holoenzymes
result from the formation of two homohexamers (GDH1 and GDH2),
and five heterohexamers of GDH are indicated on the right (GDH1/
GDH2). M3 individuals from a selfed gdhl-l mutant display only the
GDH2 homohexamer (lanes 2-4).
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grown on inorganic nitrogen-free MS media (Fig. 7A).
Arabidopsis wild-type plants grown under intermediate levels
of inorganic nitrogen (Fig. 7B) display a better overall
growth phenotype compared with plants grown on high
inorganic nitrogen (Fig. 7C). The gdhl-1 mutant displays an
impaired root growth phenotype and mild shoot chlorosis
compared with wild type when grown under either interme-
diate or high inorganic nitrogen conditions (Fig. 7 B and C).
This growth defect and chlorosis of the gdhl-l mutant is exag-
gerated when plants are grown in high concentrations of inor-
ganic nitrogen under suboptimal conditions (e.g., without vita-
mins) (Fig. 7D). The fact that thegdhl -I mutant displays a growth
defect specifically in the presence of exogenously supplied inor-
ganic nitrogen supports the notion that GDH1 plays a role
distinct from that of GS in ammonia assimilation.

DISCUSSION
The analysis of GDH gene regulation and preliminary char-
acterization of a gdh-deficient Arabidopsis mutant (gdhl-l)
detailed herein suggest that GDH plays a unique role in plant
nitrogen assimilation. Our findings that the expression of the
Arabidopsis GDH1 gene is regulated by light and/or metab-
olites is consistent with an in vivo role for GDH in regulating
a balance between carbon and nitrogen metabolites. Earlier
biochemical studies showed that GDH activity increases in
carbon-starved plant cells (4, 7). Here we demonstrate that
GDHI mRNA accumulates specifically in dark-adapted (or
carbon-starved) plants. These induced levels of GDH1
mRNA are specifically repressed by light or by the addition
of an exogenous carbon source to the growth media such as
sucrose. Moreover, the light effect on the GDHJ mRNA levels
was also observed in plants grown under a normal day/night
cycle. These findings suggest that under conditions of low carbon
availability (in the dark-adapted or the carbon-starved plants),
induced levels of GDH1 function to catabolize glutamate to
provide 2-oxoglutarate for the tricarboxylic acid cycle.
Our data on GDH1 gene regulation also support the notion

that GDH1 plays a role in the direction of nitrogen assimilation
under certain growth conditions. Low levels of GDH1 mRNA
present in light-grown plants are induced by the addition of
ammonia to the growth media. These molecular data suggest
that GDH1 may play an accessory role to GS/GOGAT in
primary nitrogen assimilation in plants grown in the presence
of inorganic nitrogen. Moreover, the fact that no GS mutants

A B

were uncovered in an Arabidopsis photorespiratory mutant
screen, combined with the fact that theArabidopsis ferredoxin-
GOGAT-deficient mutant phenotype (13) is only mildly chlo-
rotic suggests that another enzyme(s) may be capable of assim-
ilating some amount of photorespiratory ammonia inArabidopsis.
GDH is a possible candidate for such a role in C3 plants.
Using a GDH enzyme assay screen, we identified an Ara-

bidopsis mutant (gdhl-l) defective in one of two GDH gene
products. Whereas in wild-type Arabidopsis, the GDH1 and
GDH2 gene products form homohexamers and heterohexam-
ers, only the GDH2 homohexamer is detected in the gdhl-l
mutant. We have shown that this enzyme defect in the gdhl-l
mutant is genetically linked to the GDH1 structural gene.
There are several types of mutations in the GDH1 gene which
could lead to the absence of the GDH1 homohexamer and the
loss of the GDH1/GDH2 heterohexamers. (i) A mutant
GDH1 subunit could act in a dominant-negative fashion to
assemble with and inactivate GDH1 homo- or heterohexam-
eric holoenzymes. We have ruled out this possibility, as the
gdhl-l mutation behaves in a recessive fashion. (ii) A mutant
GDH1 subunit could be synthesized, but be unable to assemble
into a homohexamer or into heterohexamers. (iii) The GDH1
subunit may not be synthesized or may be unstable in the
gdhl-l mutant. At present, we cannot distinguish between
these last two possibilities. In either case, the gdhl-l mutant that
contains no detectable isoenzymes for GDH1 or the GDH1/
GDH2 holoenzymes displays a conditional growth phenotype.
A single gdhl -i allele was identified in our screen of 8000 M2

seedlings, and 14 independent mutants deficient in one of two
aspartate aminotransferase isoenzymes were identified in the
same screen (C. Schultz and G.M.C., unpublished data). There
are several possible explanations for the paucity of gdh-
deficient mutants identified in this screen. First, it is possible
that the majority of mutations in GDH1 are lethal and that the
single viable gdhl-l mutant recovered is leaky. An alternative
explanation is that most mutations in the GDH1 gene are leaky
and do not result in the complete loss of the GDH1 holoen-
zyme. In this case, the gdhl-l mutant we recovered represents
a strong, possibly null allele. Finally, it is possible that the
mutation ingdhl-l is a rare mutation that affects the residue(s)
involved in the assembly of the homohexamer and heterohex-
amers. Future characterization of the molecular lesion in
gdhl-l should allow us to discriminate the nature of the
mutation in the GDHJ gene.
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FIG. 7. Growth phenotype of the gdhl-l mutant. Growth of wild-typeArabidopsis versus the gdhl-l mutant seedlings was measured in a vertical
root length assay. Wild-type (wt) and M3 seeds of the gdhl-l mutant were sown side-by-side on ammonia-free/nitrate-free MS media containing
vitamins and 3% sucrose supplemented with either no inorganic nitrogen (0 mM ammonia, 0 mM nitrate; A), intermediate levels of inorganic
nitrogen (2 mM ammonia, 4 mM nitrate; B), or high levels of inorganic nitrogen (20 mM ammonia, 40 mM nitrate; C). (D) Plants grown on MS
media supplemented with 3% sucrose containing high levels of inorganic nitrogen (20 mM ammonia, 40 mM nitrate) without the vitamin
supplement (*). Plates were incubated vertically for 12 days and grown under a normal day/night cycle.
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The Arabidopsis gdhl-l mutant is analogous to the previ-
ously isolated maize GDH-deficient mutant (18) in that they
are both deficient in the GDHI homohexamer and in hetero-
hexamer production. Mutants lacking the GDH2 homohex-
amer and the GDH1/GDH2 heterohexamers were not recov-
ered in our screen nor were such mutants identified in maize
(18), raising the possibility that a mutation in the GDH2 gene
is lethal. The previously identified "GDHJ -null" maize mutant
retains 10% of the wild-type GDH activity (17, 18). It was
reported that seedlings homozygous for GDHI-null are phe-
notypically indistinguishable from wild-type siblings unless
grown under low night temperatures (17). In a subsequent
study, the GDHJ -null mutant was compared with a related, but
not strictly isogenic, strain that is wild-type for GDH (18). In
that study, the GDHJ -null mutant was reported to have a lower
shoot/root ratio and a 40-50% lower rate of assimilation of
[15N]NH4. These results, although suggestive of an anabolic
role for maize GDH1, are not conclusive, as the maize gdh
mutant strain and wild-type strain used were not isogenic.
Furthermore, as maize is a C4 plant, the maize GDH]-null
mutants cannot be used to assess the importance of GDH in
the assimilation of photorespiratory ammonia.
A preliminary growth analysis on the M3 generation of the

gdhl-l Arabidopsis mutant was performed to assess the in vivo
function of the GDH1 gene product in a C3 plant. The gdhl -i
mutant displays a retarded growth phenotype compared to
wild type, which is conditional on the addition of inorganic
nitrogen to the growth media. The gdhIl-I plants show a growth
rate reduction and mild shoot chlorosis when plants are grown
on media containing intermediate and high inorganic nitrogen
levels. This growth defect is exaggerated when plants are
grown on high inorganic nitrogen under suboptimal conditions
(e.g., without vitamins), which suggests that GDH1 plays an
especially important role in nitrogen assimilation under con-
ditions of plant stress. Previous biochemical data support the
notion that GDH enzyme plays an important role in plants
grown under stress conditions (6).

It should be noted that neither the gdh mutant in maize nor
the Arabidopsis gdh I-i mutant described here is null for GDH
activity, as a second gene for GDH2 is unaffected. A new
mutant screen has been initiated to search for additional alleles
of gdhl in Arabidopsis and for putative mutants in the GDH2
gene. An allelic series of mutants in either GDH gene as well
as the creation of double mutants will be useful to assess all the
in vivo roles of GDH in nitrogen use in plants.
Our gene expression data suggest that GDH1 plays an

unique role in nitrogen assimilation compared with GS. This
notion is supported by the gdhl-1 mutant phenotype and by the
fact that light and sucrose each induce the accumulation of
mRNA for chloroplastic GS2 yet repress the accumulation of
GDHJ mRNA. The reciprocal regulation of GDH1 and chlo-
roplastic GS2 by light or sucrose at the gene expression level
mirrors that observed at the level of enzyme activity (43). It
will be interesting to determine whether the reciprocal regu-
lation of the GDH1 and chloroplastic GS2 genes is mediated
via a common mechanism.

Note Added in Proof. A report on maize GDH gene by Sakakibara et
al. (44) was published while this paper was in press.
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